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Abstract
Inflation ends with the formation of a Bose condensate of inflatons. We show
that in hybrid inflation models this condensate is typically unstable with respect
to spatial perturbations and can fragment to condensate lumps. The case of D-
term inflation is considered as an example and it is shown that fragmentation
occurs if λ > 0.2g, where λ is the superpotential coupling and g is the U(1)FI
gauge coupling. Condensate fragmentation can result in an eective enhance-
ment of inflaton annihilations over decays as the main mode of reheating. In
the case of D-term inflation models in which the Standard Model elds carry
U(1)FI charges, if condensate fragmentation occurs then reheating is dominated
by inflaton annihilations, typically resulting in the overproduction of thermal
gravitinos. Fragmentation may also have important consequences for SUSY flat
direction dynamics and for preheating.
1mcdonald@sune.amtp.liv.ac.uk
Introduction
A common feature of the cosmology of particle physics models is the formation of Bose
condensates of scalar particles. Examples include axion condensates [1], condensates
of squarks and sleptons along flat directions of the minimal supersymmetric (SUSY)
standard model (MSSM) (Aeck-Dine condensates [2, 3, 4]) and inflaton condensates
which form at the end of inflation and whose decay is responsible for reheating the
Universe [5]. It is usually assumed that the scalar particles in the condensate are non-
interacting, corresponding to coherent oscillations in a purely φ2 potential. However,
in many cases this is not true. In the case of axions, deviation of the angular pseudo-
Nambu Goldstone axion potential from a pure φ2 potential implies an attractive force
between the axions which results in the growth of spatial perturbations and the for-
mation of axion miniclusters [6]. In the case of the Aeck-Dine condensate, deviation
from the φ2 potential, either due to the flattening of the potential above the messenger
eld mass (gauge-mediated SUSY breaking [7, 8]) or due to radiative corrections from
gaugino loops (gravity-mediated SUSY breaking [9, 10]) results the fragmentation of
the condensate to form Q-balls [8, 9, 10, 11]. Thus the conventional view of cosmo-
logical condensates as being spatially homogeneous coherently oscillating scalar elds
is not generally true. In particular, when the potential is ’flatter-than-φ2’, meaning
Min(V (φ)/φ2) is at φ 6= 0 (with V (0) = 0), the condensate is unstable with respect
to spatial perturbations and fragments to non-topological solitons which we will refer
to as condensate lumps.
Here we consider the question of the stability of the inflaton condensate with respect
to spatial perturbations and the consequences of its fragmentation. The most natural
inflation models are hybrid inflation models [12], which, unlike the case of single-eld
inflation models, allow inflation to occur without ne-tuning of couplings. We will
therefore focus on hybrid inflation models in the following.
Although our results for inflaton condensate fragmentation apply to hybrid inflation
models in general, we will focus on the case of SUSY hybrid inflation models [13, 14,
15], which will allow us to illustrate the general phenomenon of inflaton condensate
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fragmentation whilst applying the results to a case of considerable interest. SUSY
hybrid inflation models are either of the F-term [13] or D-term [14, 16] type. The
most interesting are the D-term models, which can evade the so-called η-problem i.e.
the flatness of the inflaton potential in the presence of supergravity corrections [15].
We will therefore focus on D-term inflation, whilst presenting the results in a form
that will allow them to be applied to hybrid inflation models in general.
D-term Hybrid Inflation
The superpotential of D-term inflation models is [14]
W = λS+− , (1)
resulting in a scalar potential




j+j2 − j−j2 + ξ
)2
, (2)
where Re(S) is the gauge singlet inflaton,  are elds with charges 1 with respect
to a Fayet-Illiopoulos U(1) gauge symmetry, U(1)FI , and ξ > 0 is the Fayet-Illiopoulos
term. For jSj > jScj = g
p
ξ/λ, the minimum of V (+, −; jSj) is at  = 0. With
 = 0, the tree-level S potential is flat with V = Vo  g2ξ2/2 (ξ1/2  8.5 1015 GeV
from COBE normalization [15]). One-loop corrections result in a potential for S which
causes S to slow-roll towards S = 0 [14]. Once jSj < jScj, the minimum of the potential







Thus the expectation value of − at the minimum of its potential is a function of the
value of S. The value of the masses as a function of the S and − expectation values
are m2S = λ
2j−j2, m2Φ+ = λ2j−j2 + 2λ2jS2j and m2Φ0− = m
2
A = 2g
2j−j2, where 0− is
the mass eigenstate at − 6= 0 minimum and A is the U(1)FI gauge boson .
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Condensate Instability in Hybrid Inflation Models
The dependence of the minimum of the − potential on the value of the S eld is
the reason for the instability of the inflaton condensate. Once jSj < jScj, S and −
oscillate about the minimum of their potentials. Oscillations begin once mS > H . In
the case of D-term inflation, this is satised once jSj2/jScj2 = 1 − 4pig2ξ/3λ2M2P l =
1 − 2  10−6g2/λ2, so S oscillations typically begin when jSj is close to jScj. The
equation on motion for the inflaton, in terms of the conventionally normalized real
scalar eld s =
p
2Re(S), is
s¨ + 3H _s− r
2
a2
s = −λ2s j−j2 , (4)
where H = _a/a is the expansion rate and a is the scale factor. Suppose we consider the
growth of a small spatial perturbation of s. As s decreases below sc, the mean value
of the oscillating − eld at a point in space will be approximately equal to the value
at minimum of the − potential at that point in space, which depends of s(x, t). So if
we average over the coherent oscillations of − about the minimum and replace − by
the value −(s) at the minimum of its potential, the s equation of motion becomes1
s¨ + 3H _s− r
2
a2












This is a flatter than s2 potential, corresponding to an attractive interaction amongst
the s scalars and a negative pressure in the condensate [17, 18]. Therefore spatial per-
turbations of the s condensate will grow, eventually becoming non-linear and resulting
in fragmentation into condensate lumps [8, 9, 10]. The procedure of averaging over
coherent oscillations of the − eld is well-dened if mΦ0− is large compared with mS,
which is true if
p
2g is large compared with λ, and we will focus on this case. More
1This will also hold if the − oscillations can rapidly decay to light particles, xing − to the
minimum of its potential as a function of s.
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generally, in the case where one cannot rst average over the − oscillations we still
expect the net eect of the − eld to be represented by the value at the minimum
of its potential, although the combined dynamics of the S and − eld will be more
complicated.
We have derived Veff(s) for the case of D-term inflation. However, the argument is
quite general and a negative s4 attractive interaction is a generic feature of all hybrid
inflation models, including F-term inflation and the original non-SUSY hybrid inflation
model of [12].
Evolution of Perturbations
We next consider the growth of spatial perturbations and the fragmentation of the
inflaton condensate. The linear growth of perturbations has been discussed for a
complex scalar eld in [8], using the approach of [19]. Here we adapt this approach to
the case of a real scalar eld in the expanding Universe. The equation of motion for a
real scalar eld  is
¨ + 3H _− r
2
a2
 = −∂V ()
∂
. (7)
We will assume throughout that V () is a polynomial with V () = V (−). We dene
 = (ao/a)
3/2φ, where ao is the scale factor when the coherent oscillations begin. The













































where ∂i = ∂/∂xi (i = 1, 2, 3). Multiplying the equation by SinΩ and averaging over
coherent oscillations gives






















and where < f(Ω) > 1
2pi
∫ 2pi
0 f(Ω) dΩ denotes averaging over oscillations. (H is
eectively constant on the timescale of coherent oscillations. In fact, since H is at
most of the order of H2, the H term contributes a negligible correction to the φ
mass squared term in the equation of motion. Thus we take H = 0 in the following.)











Ω = 0 . (14)
With R = R(t) + δR(x, t) and Ω = Ω(t) + δΩ(x, t), the perturbation equations are























δΩ = 0 . (16)
Assuming the perturbations have the form δR = δRoe
S(t)−ik.x, δΩ = δΩoeS(t)−ik.x
[8, 19], the perturbation equations become





eff )δR = 2αR
_ΩδΩ (17)
and (

















where α = _S. Combining these gives a dispersion relation [19, 8],
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In the case where there is no expansion the amplitude of oscillation is constant and so






























. In the case with expansion we generally have to solve the
equations of motion and perturbation equations numerically. However, for condensate
fragmentation we will be mostly interested in the case where k2  k2max, corresponding
to the largest value of α at a given time and so the rst perturbation mode to go non-
linear. In the case of an expanding Universe, by comparing the magnitude of the _α and











is large compared with H once coherent oscillations begin,
it may be checked that the solution for α in Eq. (20) (with R now time-dependent) is
still approximately correct for the case k2  k2max so long as α(kmax) is larger than H .













































































In Eq. (26) R is a function of time, to be obtained by solving the equation of motion
for R in an expanding Universe. If the potential was a pure 2 potential, then  /
a−3/2 and so R would be constant. However, when the coherent oscillations begin the
potential is flatter than 2 and so  will initially decrease less rapidly than a−3/2 until
the amplitude of the oscillations is small enough for the 4 term in the potential to
become negligible. Thus R will generally increase with time initially, to compensate
for the fact that the  amplitude, / a−3/2R, falls less rapidly than a−3/2 initially.
Therefore taking R to be constant will give a value of α which is somewhat smaller









to be approximately equal to 1, which is true if the 4
contribution to the potential is smaller than the 2. Again, the eect of this term
being smaller than 1 is to enhance fragmentation, thus our condition is conservative.



























Ho, where n will be between 0 and 3/2 as the 
oscillations develop from the end of inflation to an approximately 2 potential. The
condition for fragmentation to occur is that δR/R > 1. The largest growth at a given




















This determines the radius of the condensate lumps when the condensate fragments,
rl,









This is really the initial radius of the lumps immediately after fragmentation, and
the lump will subsequently relax to its stable conguration, in which the attractive
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potential term is balanced by the gradient term in the equation of motion. However,
the radius of the stable conguration is similar to that of the initial lump, since
for a stable conguration of the form φ(r, t)  φ(r)Sin(mt), the equation for φ(r)
is ∂2φ(r)/∂r2 + (2/r)∂φ(r)∂r  Sin−1(mt)∂δV/∂φ, where V = m2φ2/2 + δV . For
a stable lump of radius rs and typical eld amplitude φ we therefore expect that
r2s  φj∂δV/∂φj−1 (the left hand side of the stable lump equation being  φ/r2). For
δV = −ηφ4/4 and φ  R this implies that rs  (ηR2)−1/2.
To give a conservative condition for inflaton condensate fragmentation, we use
R = Ro, and k = kmax/2 (since the expression for α is not strictly valid for k
2 = k2max).




























As a increases, the left hand side of Eq. (30) is maximized for ao
a
= (2(3−n)) 22n−5 and
then decreases. Condensate fragmentation in hybrid inflation models must therefore
occur soon after coherent oscillations begin if it is to occur at all.The smallest growth
occurs for n = 0, and we use this to obtain a conservative condition. The condition






 β . (31)
Application to D-term Inflation
For the case of D-term inflation, m2 = λ2ξ, η = λ4/2g2 and R2o = s
2
c  2g2ξ/λ2. Thus










)1/2 8 (6)1/5 ξ1/2
MP l
 0.017 . (32)
In order to complete the fragmentation condition we need the value of β. The seed
perturbations of the inflaton eld are expected to come from quantum de Sitter fluc-
tuations of the scalar eld during inflation, which implies that δφ  Ho/2pi on all
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  8.7− logλ . (33)
So β  10 is a typical value. The radius of the condensate lump relative to the horizon












= 3.7 10−3 g
λ
. (34)
The condition for the approximations leading to Eq. (21) to be consistent, α(kmax) >








 0.02 . (35)
So if the fragmentation condition is satised then the approximations are consistent.
Therefore in D-term inflation models condensate fragmentation will occur if
λ > 0.2g. Since this is a conservative condition, it is quite plausible that condensate
fragmentation will occur, for example if λ and g both take values of the order of 1.
Enhancement of Inflaton Annihilations By Condensate Frag-
mentation
We next consider the possible consequences of inflaton condenate fragmentation. One
potentially important consequence is that inflaton annihilations are eectively en-
hanced compared with the case of a homogeneous condensate and may domainate
over decays as the primary mode of reheating.
We rst show that once the condensate fragments the particles within the conden-
sate lump decouple from the expansion of the Universe, such that the number density
and eld amplitude inside the condensate lumps remains constant. This will be true
if the force on the particles due to scalar interactions is greater than the gravitational
force responsible for slowing the expansion of the Universe. Suppose the energy den-
sity is dominated by a pressureless homogeneous energy density ρ. (For the case of
inflaton condensate fragmentation this is not strictly true, since δρ/ρ  1 when the
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condensate fragments. However, it is useful to make this assumption in order to ob-
tain an expression that can be applied to scalar eld models in general.) Suppose then
we consider a spherical lump of radius r. The gravitational acceleration acting on a
particle at the surface of the lump is then
r¨ = − 4piρ
3M2P l
r . (36)
If the force due to the attractive scalar interaction produces a smaller acceleration
than this, the particles will follow the expansion of the Universe, otherwise they will
decouple from expansion. To estimate the force due to the scalar interaction consider









where the number density of scalars is n = mφ2/2 and where for simplicity we have
considered a constant amplitude φ for the coherently oscillating eld inside the sphere.
This gives φ as a function of r. With V (φ) = m
2φ2
2

























For the case δV = −ηφ4/4, the force is Fs = −piηφ4r2. The condition that the






Since condensate fragmentation occurs soon after coherent oscillations begin (at ∂V/∂φ 





















 4 103 , (42)
which is generally strongly satised. Thus the scalars in the condensate lumps decouple
from the gravitational expansion.
To see how the condensate fragmentation eectively enhances annihilations, con-
sider an interaction λ2jSj2jQij2 between inflatons and light scalars Qi (in D-term in-
flation Qi will correspond to MSSM scalars [16]). We will calculate the annihilation
rate assuming no Bose enhancement (i.e. no parametric resonant decay of the con-
densate), in which case the annihilation rate simply corresponds to the perturbative
annihilation rate of the scalars in the condensate. The average of the annihilation





With the s number density in the condensate given by n = mSs
2/2, the annihilation
rate of scalars in the condensate is then




The condition for scalars to annihilate is then Γann > H  Ho(ao/a)3/2. We can now
see why annihilation is eectively enhanced when the condensate fragments. In the
case of a homogeneous condensate, the scalars are freely expanding and s2 / a−3, so
the annihilation rate drops more rapidly than the expansion rate as the scale factor a
increases. Thus unless annihilations are eective immediately after the end of inflation,
they will never be signicant and inflaton decays will be the main mode of reheating.
However, if the inflaton condensate fragments soon after oscillations begin then the
value of the amplitude s inside the lumps is constant and so Γann/H / a3/2 increases
as a increases. Therefore as the Universe expands annihilations will eventually occur



















where we have used s  sc inside the lumps and where g(Td) is the number of degrees
of freedom in thermal equilibrium [5].
We next apply this to the specic case of D-term inflation. If the MSSM elds also
carry U(1)FI charges, there is an interaction with the scalars of the MSSM of the form
λ2jQij2jSj2 coming from integrating out the U(1)FI gauge elds [16], where λ is the

















The upper bound from requiring that gravitinos are not generated excessively by
thermal scattering is TR
<
 10
8−9 GeV [21]. Thus we require









The smallest value of λ for which fragmentation occurs is conservatively λ  0.2g.
In this case if condensate fragmentation occurs then from Eq. (47) the U(1)FI gauge
coupling must satisfy g < 7  10−5. (This upper bound will be even stronger in
the presence of parametric resonance.) This will not be satised if, for example, the
U(1)FI gauge coupling has the typical magnitude g  1 of the MSSM gauge couplings.
Thus condensate fragmentation is typically not compatible with D-term inflation if the
inflatons can annihilate to MSSM elds. In order to have D-term inflation consistent
with the absence of thermal gravitinos we must either eliminate inflaton annihilations,
which requires that the MSSM elds do not carry U(1)FI charges, or eliminate inflaton
condensate fragmentation, which requires at least that λ < 0.2g.
Conclusions
We have shown that it is possible for the inflaton condensate in hybrid inflation models
to fragment to condensate lumps. The inflaton condensate is in general unstable, but
the instability reduces as the Universe expands, requiring that fragmentation occurs
shortly after the end of inflation. The state of the Universe after fragmentation, with
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the energy density concentrated inside inflaton condensate lumps, is quite dierent
from the conventional post-inflation scenario of a homogeneous inflaton condensate.
One consequence of inflaton condensate fragmentation is that inflaton annihilations
will be eectively enhanced relative to the case of a homogeneous inflaton condensate.
In the case of D-term inflation models, if fragmentation occurs then the enhancement
of inflaton annihilations implies that the reheating temperature is typically large com-
pared with the thermal gravitino upper bound. Thus either inflaton annihilations
must be suppressed, which requires that the MSSM elds do not carry U(1)FI gauge
charges, or fragmentation must not occur, which requires at least that λ < 0.2g.
If inflaton annihilations do not occur, or if we consider a non-SUSY model for
which there is no thermal gravitino bound on the reheating temperature, then inflaton
condensate fragmentation can safely occur. This may have interesting consequences for
the inflaton dominated period following inflation. For example, the fact that the energy
density of the Universe is now concentrated in condensate lumps could greatly alter the
dynamics of SUSY flat direction scalar elds, which acquire a mass from the SUSY
breaking inflaton energy density in the case of a homogeneous inflaton condensate
[3]. Another potentially important eect would be for parametric resonant decay of
the inflaton and preheating. In the case of a homogeneous condensate, parametric
resonance turns o as the Universe expands and the inflaton oscillation amplitude
decreases [22]. However, if the condensate fragments then, just as in our discussion of
perturbative annihilations, the oscillation amplitude will be frozen inside the lumps
and so parametric resonant decay should continue without stopping, resulting in more
ecient preheating.
It is important to emphasize that inflaton condensate fragmentation is a natural
possibility in all hybrid inflation models and that it may have consequences for cos-
mology beyond what has been discussed here. A detailed understanding of inflaton
condensate fragmentation will therefore be necessary in order to fully understand the
cosmology of hybrid inflation models.
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